Incubation of peripheral blood or isolated lymphocytes of C57L/J mice with phytohemagglutinin stimulated the incorporation of thymidine into DNA of lymphocytes as they transformed into large lymphoblasts. DNA synthesis began after about 24 hr of incubation and reached a peak at 48 hours. The de-novo synthesis of sterols from acetate was stimulated much earlier, at 4 hr of incubation, and the rate reached a maximum at 24 hr, approximately at the time DNA synthesis began. (6) (7) (8) 11 ) prevented both the increase in sterol synthesis and the increase in DNA synthesis that are associated with blastogenesis. DNA synthesis was not affected when the inhibitor was added after the cycle in sterol synthesis had reached its maximum. These observations of an apparent relationship between sterol synthesis and DNA synthesis are described in this report.
and into CO2 by phytohemagglutinin-treated blood were not significantly different from control values. Phytohemagglutinin stimulation of sterol synthesis could be abolished by the addition of certain oxygenated derivatives of cholesterol (e.g., 25-hydroxycholesterol and 20a-hydroxycholesterol) which specifically depress the activity of the regulatory enzyme in the sterol synthesis pathway, 3-hydroxy-3-methylglutaryl CoA reductase [mevalonate: NADP+ oxidoreductase (CoA acylating); EC 1.1.1.341. This treatment also abolished DNA synthesis and blastogenesis which otherwise followed the peak of sterol synthesis. Furthermore, DNA synthesis was repressed only if the inhibitor was added early enough to prevent sterol synthesis from reaching its usual maximum. When the compound was added after the rate of sterol synthesis had reached its maximum, DNA synthesis was not affected. These findings suggest that the synthesis of cholesterol is an essential prerequisite for successful initiation and completion of the cell cycle in lymphocytes after phytohemagglutinin activation.
The utilization of nonspecific mitogens such as phytohemagglutinin (PHA) to initiate the proliferative cell cycle of lymphocytes has been of great value in studies of the mechanism of cell activation. Many of the events that occur after PHA addition to lymphocyte cultures have been extensively studied and well documented (for reviews see refs. 1 
and 2).
The sequence of events is rapid; immediately after the addition of PHA to lymphocytes the molecules bind to cell receptors and, in a few minutes, increases occur in the concentrations of cyclic AMIP and cyclic GMP, and in phospholipid synthesis (1) (2) (3) . Hours later RNA, proteins, and DNA are sequentially synthesized preceding cell division. In this respect the lymphocytes response to mitogens resembles a synchronized cell system and it can be utilized to study mechanisms for the transformation of cells from the nonproliferating to proliferating state.
Abbreviations: PHA, phytohemagglutinin; HMIG-CoA, 3- hydroxy-3-methylglutaryl-coenzyme A. * During the course of this work Liljeqvist et al. (12) reported that sterol synthesis from acetate was stimulated in PHA-treated human lymphocytes.
To determine whether or not a markedly elevated rate of sterol synthesis in leukemic cells (4, 5) is associated with an alteration in growth, we investigated sterol synthesis during blastogenesis of normal lymphocytes. The results of our studies with PHA-stimulated lymphocytes showed that a peak in the rate of sterol synthesis precedes the so-called S-phase of DNA synthesis in the cell cycle. Treatment of the stimulated lymphocytes with some oxygenated derivatives of cholesterol that appear to be specific inhibitors of sterol synthesis (6) (7) (8) 11) prevented both the increase in sterol synthesis and the increase in DNA synthesis that are associated with blastogenesis. DNA synthesis was not affected when the inhibitor was added after the cycle in sterol synthesis had reached its maximum. These observations of an apparent relationship between sterol synthesis and DNA synthesis are described in this report.
MATERIALS AND METHODS
Analysis of Lipid, CO2 Production and 3-Hydroxy-3-methylglutaryl Coenzyme A (HAIG-CoA) Reductase Activity in Whole Blood and Isolated Lymphocytes. Female C57L/J strain mice, aged 3-4 months old, were supplied by the Production Department of the Jackson Laboratory. They were decapitated following asphyxiation in CO2 and blood was pooled from several animals in sterile test tubes that contained sodium heparin (30 USP units of heparin per ml of blood; Sigma). Aliquots (0.5 ml) of the heparinized blood were pipetted into sterile 24 ml Erlenmeyer flasks containing 5 ml of RPMI 1640 medium (Grand Island Biological Co.) with or without PHA (Difco, PHA-MI 0.5 mg/ml of final concentration). The flasks were sealed with stoppers and incubated in a shaking water bath at 370 for various lengths of time. Two hours before the end of incubation 50 jl of RPMI medium containing 25 4Ci of [1-_4C] acetate (58.5 Ci/mol, New England Nuclear) was added to the incubation mixture and the flasks were sealed with stoppers fitted with plastic cups (Kontes). The procedures for analysis of radioactive C02, fatty acids, and sterol fractions of the samples were described l)reviously (4, 5) .
In some experiments isolated lymphocytes were used in place of whole blood. The procedure used for isolation of lymphocytes has been described (4, 9 (4, 6).
PHA Stimulation of Lymphoblastic Transformation of Blood
Lymphocytes. The micro-culture of whole blood or of isolated lymphocytes was carried out as previously described (10) . Briefly, 0.05 ml of heparinized blood or of a suspension of isolated lymphocytes was mixed with 0.5 ml of RPAII 1640 medium with or without PHA (0.5 mg/ml). After 46 hr of incubation at 37°in a 5% CO2-balanced air incubator, 1 ,ACi (0.5 mmol) of ['H]thymidine (New England Nuclear) was added to the culture, and the mixture was incubated for an additional 2 hr. Incorporation of ['H ]thymidine into DNA was measured by the radioactivity in the perchloric-acid-insoluble fraction of the cells.
Steroids. Procedures for the purification of cholesterol and other sterols were similar to those previously reported (5-7). A sterol (0.5 mg) was mixed with 2 ml of RPMI1 medium containing 5% crystallized bovine serum albumin (Pentex) and the mixture was sonicated for 30 sec to obtain a homogenous suspension. The freshly prepared sterol suspensions were diluted with RPMIJ medium for incubation with cultures so that the final concentration of bovine serum albumin in the medium was 0.015%. This amount of albumin was added to the medium of control cultures.
RESULTS
Following treatment of the cells with PHA the rate of sterol synthesis began to increase by 4 hr, reached a maximum at 24 hr, and then declined to the basal rate by 48 hr (Fig. 1 ). In the same experiments rates at which fatty acids and CO2 were produced from acetate showed little difference between PHAtreated and control cultures, i.e., both rates decreased steadily over the entire incubation period (not shown). Under similar conditions increased incorporation of thymidine into DNA was first detected 24 hr after the addition of PHA, the time at which the rate of sterol synthesis was the highest. The rate of DNA synthesis increased steadily thereafter until the 48th hr and then declined.
In the experiments indicated in Fig. 1 , the incubation mixture contained homologous serum at a final concentration of 5%. Removal of serum from the blood cells by centrifugation and washing with fresh medium increased the sterol and fatty acid synthesis in both PHA-treated and untreated cells. Increases in sterol and fatty acid synthesis induced by treatment with PHA or by the removal of serum appeared to be additive. Fig. 2 shows the extent to which rates of sterol and fatty acid synthesis in PHA-stimulated cultures were diminished by increasing concentrations of homologous serum. In contrast, the production of CO2 was not significantly affected by the amount of serum in the culture, and the rate of thymidine incorporation into DNA declined slowly with increasing serum concentration so that at a serum concentration of 15% the rate was 50% of that obtained in the absence
The results of studies with isolated lymphocytes shown in Table 1 provide evidence that the changes in the rate of sterol synthesis observed in PHA-treated cultures of blood cells are due to stimulation of the lymphocytes therein. HMG-CoA reductase activity in unstimulated lymphocyte preparations was below the limit of accurate measurement. However, 20 hr after stimulation with PHA the enzyme activity was elevated to levels similar to those found in cultures of mouse liver cells or fibroblasts (6) . The rate of sterol synthesis in isolated lymphocytes incubated for 18 hr with PHA was vastly (at least 80-fold) greater than that in control lymphocytes.
Moreover, 25-hydroxycholesterol (cholest-5-ene-3,,25-diol), added simultaneously with the PHA, fully counteracted the stimulatory effect of the mitogen upon the rate of sterol synthesis. The inhibitory sterol also counteracted the moderate increases in fatty acid synthesis and CO2 production that resulted from treatment with PHA. t The effects of graded concentrations of 25-hydroxycholesterol upon PHA-stimulated cultures of blood cells are shown in Fig. 3 . The concentration of the steroid required to inhibit sterol synthesis totally was 0.75,ug/ml, whereas DNA synthesis was inhibited by 80% when the concentration of 25-hydroxycholesterol reached 1 ug/ml. The utilization of acetate for fatty acid synthesis and CO2 production was not significantly affected over the range of steroid concentrations tested. Fig. 4 demonstrates that the incorporation of thymidine into DNA in the PHA-stimulated cultures of either whole blood or serum-free blood cells was inhibited by 25-hydroxycholesterol or 20a-hydroxycholesterol (cholest-5-ene-3f3,20a-diol) at concentrations required to inhibit sterol synthesis. Similar Fig. 2 except that no serum was present in the medium and 25-hydroxycholesterol was added to the cultures at the beginning of the incubation period. Measurements of sterol synthesis (0), fatty acid synthesis (A), CO2 production (X), and DNA synthesis (0) were carried out as described in the text. Values for DNA synthesis represent means i SEM from triplicate samples.
of inhibition as that shown in Fig. 4 . Cholesterol, at concentrations as high as 25,gg/ml, did not affect DNA synthesis.
25-Hydroxycholesterol effectively inhibited PHA-induced sterol synthesis when it was added to the culture several hours after the addition of PHA (Fig. 5) . Even when the sterol was added as late as 14 hr after the addition of PHA (6 hr before termination of the experiment) sterol synthesis was inhibited by 68%. In the same experiments 25-hydroxycholesterol treatment did not affect rates of fatty acid and CO2 production. DNA synthesis was inhibited only if 25-hydroxycholesterol was added early enough (within 15 hr after the addition of PHA) to produce a significant reduction in the sterol synthesis. No inhibition of DNA synthesis occurred when 20 hr elapsed between the addition of PHA and 25-hydroxycholesterol. Since the concentration of 25-hydroxycholesterol used in these experiments was 0.5 /Ag/ml, inhibition of DNA synthesis was not complete even when the sterol was added at the beginning of the incubation period. Incubation of 25-hydroxycholesterol at the same concentration (0.5 pg/ml) in the PHA-stimulated lymphocytes reduced the number of transformed cells by approximately one half, in agreement with the extent to which thymidine incorporation was inhibited. The viabilities of lymphocytes in cultures treated with inhibitor and in the controls was not significantly different, being over 90% in all cases (Table 2) . DISCUSSION These results suggest that a period of enhanced sterol synthesis is a prerequisite for the subsequent phase of DNA synthesis and for the completion of the mitotic cycle of lymphocyte transformation. The conclusion is based upon the following observations: (a) A temporal sequence of sterol synthesis and DNA synthesis followed PHA activation of lymphocytes, and (b) certain oxygenated derivatives of cholesterol inhibited both sterol and DNA synthesis if they were added to the culture before the rate of sterol synthesis had reached its maximum; when the inhibitor was added after the rate of sterol synthesis had reached its maximum, neither sterol nor DNA synthesis was affected. In interpreting the effects of inhibitors of sterol synthesis, we assume that the sterols act specifically to depress the activity of HMG-CoA reductase and, as a consequence, the rate of sterol synthesis. Evidence for this is provided by our previous studies with L cells and mouse fetal liver cells in culture. Incubation of the inhibitors with these cells for 6 hr did not alter rates of protein, RNA, or DNA synthesis, did not affect rates of fatty acid or CO2 production from acetate (6, 7), and did not alter intracellular concentrations of cyclic AMP (11) . The rate of sterol synthesis from acetate and the level of HMG-CoA reductase activity were, however, almost completely depressed under similar conditions. Prolonged incubation of L cells with the inhibitors results in the depletion of cellular sterols and in arrest of cell growth. However, normal growth is restored when mevalonate, the product of the reaction catalyzed by HMG-CoA reductase, or appropriate sterols are added to the culture, indicating that the inhibitors are not toxic to the cells except through their effect upon sterol synthesis (8) . In the present studies, trypan blue exclusion tests showed that the number of viable small lymphocytes in the culture was not significantly reduced after exposure to 25-hydroxycholesterol for as long as 48 hr, indicating that the inhibitor was not toxic to these cells. Furthermore, when lymphoctyes were pre-incubated with 25-hydroxycholesterol
(1 gg/ml) for 25 hr and the inhibitor was then removed by washings, the addition of PHA induced the synthesis of DNA after the usual time lag. DNA synthesis in the pretreated cells was somewhat less than in untreated controls (60%) but was considerably greater than when the inhibitor remained in the culture (20%). The fact that the inhibitory sterols reduced only slightly or not at all the metabolism of acetate to fatty acid and CO2 in lymphocytes and blood cultures is further evidence that they did not produce general cell damage and is in accord with their specific effect upon HMG-CoA reductase. Presumably the requirement for sterol synthesis in cells undergoing blastotransformation is related either to the need to generate additional membrane during the process leading to cell division or to an alteration in the composition of the membrane during the cell cycle. The time lapse between PHA addition and the induction of sterol synthesis is longer than that required for the induction of phospholipid synthesis (1, 3) , suggesting that these two classes of membrane lipids are produced in sequential order rather than simultaneously. Possibly inhibition of sterol synthesis aborts the formation of new membrane even when the stimulated lymphocytes are cultured in the presence of serum (which contains about 1.5 mg of cholesterol per ml). Abolition of DNA synthesis and blastotransformation by inhibitors of sterol synthesis may thus be an indication that membrane formation or an alteration in the sterol composition of existing membranes is essentially involved in the division of mammalian cells.
